The structural order of Cretaceous-Tertiary kaolins of the Douala Sub-Basin in Cameroon was determined in this study. This was achieved using Fourier Transform Infrared spectroscopy (FTIR) with attenuated total reflectance (ATR) on the Bomkoul, Dibamba, Ediki, Logbaba, Missole and Yatchika kaolins. Transmittance spectra of 20 samples were recorded in the mid-infrared regions (MIR). Results show that most of the kaolins had the four distinguishable bands in the hydroxyl (OH) stretching region, though the second transmittance band (3670 cm −1 ) had low intensities. The hydroxyl stretching of water bands (3457 and 3442 cm −1 for KGa-1b and KGa-2, respectively) were mainly observed in all Logbaba samples at 3443 cm −1 and 3445 cm −1 . The two bands reflecting OH deformation of inner-surface hydroxyl and inner hydroxyl groups (937 and 915 cm −1 ) were quite visible in the Bomkoul, Dibamba, Logbaba and Missole II samples; slightly visible in all Yatchika and two of the Ediki; and not visible in Missole I and one of the Ediki samples. Therefore, based on the empirical classification of the degree of order of kaolinite, 10 of the studied samples had ordered structures. Three displayed partially ordered structures; four had poorly ordered structures, and three exhibited disordered structures. This study revealed that kaolins from Dibamba, Logbaba and Missole II in the Douala SubBasin had the best crystallinity, which is one of the important characteristics needed for industrial applications.
Introduction
Cretaceous-Tertiary Formations are known to host the most exploited kaolins in the world [1] ; namely, the Cornwall (England), Capim River (Brazil), Georgia (USA) and Cape York Peninsula (Australia 4 ] [2, 3] . It has a wide range of applications, which include construction, agricultural, textile, paper, pharmaceutics, ceramic, electrical, paint, nuclear energy, polymer and petroleum industries [4] [5] [6] [7] . These applications are strongly linked to their mineralogical and chemical characteristics, which are important for good quality control of kaolins, as physical properties are closely related to the mineralogy and chemistry [8] .
Minerals of the kaolin group have slight differences in their chemistry. Kaolinite, its main mineral, is a dioctahedral 1:1 phyllosilicate formed by superposition of tetrahedral sheets (mainly containing Si(IV)) and octahedral sheets, occupied mostly by Al(III), Fe(III) or Mg(II) [9, 10] . Distinction among the four kaolin minerals could also be made based on their structural differences. One of which is the orientation and position of the inner and external hydroxyl groups, which can only be detected using infrared spectroscopy [11] .
One of the infrared spectroscopy tools usually used in characterising structural disorder in minerals is Fourier Transform Infrared (FTIR). It is used to characterise functional groups in clay minerals and to fingerprint specific minerals [12, 13] . Unlike X-ray powder diffraction, it has proven to be a rapid and cost-effective technique in determining the degree of structural disorder of clay minerals [12] . FTIR could be done using a transmission or a re- flectance technique. Transmission techniques involve the use of KBr-pellet or mull techniques, whereas, reflectance techniques include diffuse reflectance infrared technique (DRIFT), attenuated total reflectance (ATR) and specular reflectance.
The structural order of kaolins can be used to infer their potential industrial applications. Ordered kaolins, which usually are very fine grained, are used in paper, paint, pharmaceutics industries. Poorly ordered kaolins could be used for the production of bricks and in pottery. In an attempt to promote Cameroon's economy, kaolins of the Douala Sub-Basin in Cameroon have been studied recently. Most studied kaolins in this Sub-Basin are reported to have kaolinite, with illite and/or smectite, quartz, feldspar, muscovite, goethite, hematite and anatase or ilmenite [14] [15] [16] [17] [18] [19] [20] . These studies mainly focused on identification and quantification of different mineral phases, chemical composition and genesis of prime kaolins in Cameroon. However, appropriate attention has not been given to the understanding of structural order/disorder of kaolins. This paper addresses the gap using an ATR accessory of FTIR to characterise the structural order of Cretaceous-Tertiary kaolins of the Douala Sub-Basin in Cameroon, based on their transmittance spectra in the mid-infrared regions (400-4000 cm −1 ).
Material and Methods

Study area and its stratigraphy
Twenty Cretaceous-Tertiary kaolin samples were collected from outcrops in Bomkoul (BKL), Dibamba (DBB), Ediki (EDK), Logbaba (LBB), Missole (MSL) and Yatchika (YTK), all found in the Douala Sub-Basin ( Figure 1 ). Stratigraphically, the Douala Sub-Basin is subdivided into seven Formations, ranging from Cretaceous to Recent. These Formations, as described by [15] and [22] 
Methods
Three or four representative kaolin samples were collected at each outcrop at different intervals. The method of sampling was judgemental, based on the presence of kaolin deposits in known Cretaceous-Tertiary Formations of the Douala Sub-Basin. The number of samples and sampling distance were a function of the availability of the outcrop, and the size and differences in lithological characteristics of the kaolin occurrences.
Prior to analyses, the collected samples were airdried. Each sample was treated with hydrogen peroxide (H 2 O 2 ) for organic matter removal; then dispersed with calgon (sodium hexametaphosphate (NaPO 3 ) 6 and soda (Na 2 CO 3 )) [23] . Clay size fractions (< 2 µm) were obtained by sedimentation and using a centrifuge, following the method described by [23] and [24] . Sedimentation was based on the principle of Stoke's Law of sedimentation of spherical particles falling freely at a steady velocity under the influence of gravity, and with the fluid's viscosity being the only resistance [25] as in Equation 1:
Where, V = the settling velocity in cm/sec, D = the particle diameter in cm, n = the viscosity in poises g = the gravitational constant (980 cm/sec 2 ) dp = the density of the liquid in g·cm −3 dw = the density of water in g·cm −3 The mineralogical composition of the samples was carried out on clay fractions using a Rigaku Ultima IV diffractometer, working with 40 kV and 30 mA, and using a cobalt source (λ = 1.789 Å) and an alpha filter (CoKα). Samples were scanned from 3 ∘ 2θ to 90 ∘ 2θ at a rate of 2 ∘ per minute. The mineral phases present in the samples were identified using X'Pert Highscore Plus Software.
In ATR spectroscopy, a crystal with a high refractive index (ATR crystal) is used to cause an internal reflection [26] . When a sample with lower refractive index (kaolin sample, in this study) is placed in contact with the ATR crystal, the total internal reflection of the beam of light creates an evanescent wave which penetrates into the sample. This evanescent wave is attenuated in the regions of infrared (IR) spectrum, where the sample transmits (absorbs) energy, and an ATR spectrum is generated [27] .
In this study, the method used for ATR spectroscopy is that described by [12] : Each < 2 µm sample was placed in contact with an ATR crystal (ZnSe). The ZnSe crystal is preferably used because it produces the widest transmission range for complete spectra. The IR spectra were recorded using a Brucker Alpha Platinum ATR FTIR spectrometer (made in USA), in the MIR regions (4000-400 cm −1 ) and with a resolution of 4 cm −1 . The peaks obtained were compared to those of the Georgia kaolins (KGa1b and KGa-2), known for their high grade (high purity and crystallinity), which were also analysed using ATR [12] . The samples were described as ordered, partially ordered and poorly ordered, based on the empirical classification of [28] and 938 cm −1 are observed in the spectra).
Results and Discussion
The different mineral phases identified in the clay size fraction of Cretaceous-Tertiary kaolins in the Douala SubBasin shown in because it provides information on the environment of formation of different minerals, such that mineral groups portray almost similar transmittance/absorption in this region [29] . It also determines the order/disorder in the kaolin mineral's structure. Kaolin minerals usually have [20] , and it indicates high degree of structural disorder in kaolinite [20] . Transmittance bands 3670 and 3650 cm −1 were totally absent in YTK 02B, this also is indicative of the disorder in the kaolinite's structure [28] . OH stretching of water band (3457 and 3442 cm Sidi El Bader in Tunisia [30] . The 3439 cm −1 band in BKL 03 could either be attributed to the OH stretching of water in this sample or to the presence of smectite [13, 30] . Bomkoul kaolins are reported to also be smectitic [15, 19] Table 5 shows a summary of the classification of studied CretaceousTertiary kaolins of the Douala Sub-Basin. BKL 01, BKL 02, DBB, DBB CN 01, DBB CN 02, LBB 01, LBB 02, LBB 03, MSL II 01 and MSL II 02 had ordered kaolinite structures. The kaolinite content of these ordered kaolins are all above 85.50%. BKL 03, YTK 01 and YTK 03 had partially ordered kaolinite structures, with a kaolinite content generally being < 84%. Samples EDK 01, EDK 02, YTK 02A and YTK 02B exhibited poorly ordered structures. These three samples had a concentration of kaolinite < 70%; though YTK 02B contained 84.07% of kaolinite but a higher concentration of hematite, compared to all other samples. Samples EDK 03, MSL I 01 and MSL I 02 had none of the attributes present. It could therefore be inferred that they have disordered structures. They also have the lowest kaolinite content (< 60%). The poorly and partially ordered kaolins might contain some amounts of smectite and/or illite, causing some variance in their IR spectra [28] . 
Conclusion
Infrared spectra of selected Cretaceous-Tertiary kaolins of the Douala Sub-Basin were studied and compared to those of kaolinites from Georgia (USA), known for their high grade quality and industrial application. The OH stretching bands were best observed in the DBB, DBB CN 01, DBB CN 02, LBB 01, LBB 02, LBB 03, MSL II 01 and MSL II 02 samples. These samples also exhibited best OH deformation and Si-O stretching and bending regions in their spectra. Consequently, according to the empirical classification of the degree of order of kaolinite, these samples were ordered, as Georgia kaolinites. Three of the studied samples (BKL 03, YTK 01 and YTK 03) had partially ordered kaolinite structures; four of the samples (EDK 01, EDK 02, YTK 02A and YTK 02B) had poorly ordered structures; whereas MSL I 01 and MSL I 02 had disordered structures. This study revealed that kaolins from Dibamba (DBB), Logbaba (LBB) and Missole II (MSL II) in the Douala Sub-Basin had the best crystallinity, therefore they can be used for paper, paint, pharmaceutics industries; whereas the other kaolins, which are partially and poorly ordered, could be used in the production of bricks and in pottery.
